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INTERNATIONAL PARTNERSHIP

FOR NUCLEAR DISARMAMENT VERIFICATION

Established in 2015; currently 26 participating countries
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http://www.state.gov/t/avc/ipndv

WHAT'S NEXT FOR NUCLEAR ARMS CONTROL?
2015 STATEMENT BY JAMES MATTIS

“The nuclear stockpile must be tended to and fundamental questions must be asked and answered:

 We must clearly establish the role of our nuclear weapons: do they serve solely to deter nuclear
war? If so we should say so, and the resulting clarity will help to determine the number we need.

« Is it time to reduce the Triad to a Diad, removing the land-based missiles? This would reduce the
false alarm danger.
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WHAT IS 70 BE VERIFIED?




WHAT IS TO BE VERIFIED 7?7

SELECTED CURRENT AND EMERGING VERIFICATION CHALLENGES
FOR NUCLEAR ARMS CONTROL AND NONPROLIFERATION

1. VERIFYING NUMERICAL LIMITS OF DECLARED NUCLEAR WARHEADS

Requires techniques to account for (and identify) nuclear warheads in storage
for example, using (hashed) declarations, special tags, and/or unique identifiers (UIDs)
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THOUSANDS OF NUCLEAR WEAPONS

ARE CURRENTLY NON-DEPLOYED (i.e., IN RESERVE OR AWAITING DISMANTLEMENT)
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http://www.paulshambroom.com

NUCLEAR WARHEAD VERIFICATION

KEY CONCEPTS OF (PROPOSED) SYSTEMS

o : ATTRIBUTE APPROACH
@W‘W Arms Control and Nonproliferation Technologies
Rl Ofic o Nonprofestion Reserch nd Engineting o Confirming selected characteristics

of an object in classified form
(for example, the presence/mass of plutonium)

TEMPLATE APPROACH
Comparing the radiation signature

A. Glaser, S. Philippe, R. Goldston, How | Learned to Stop Worrying and Dismantle the Bomb, Duke University, January 19, 2017 8



PREVENTING THE EXCHANGE OF SENSITIVE INFORMATION
DURING A RADIATION MEASUREMENT
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INFORMATION BARRIER EXPERIMENTAL
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PREVENTING THE EXCHANGE OF SENSITIVE INFORMATION
DURING A RADIATION MEASUREMENT
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INTERACTIVE ZERO-KNOWLEDGE PROOFS
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EXAMPLE



http://blog.cryptographyengineering.com/2014/11/zero-knowledge-proofs-illustrated-primer.html
http://www.wisdom.weizmann.ac.il/~naor/PAPERS/SUDOKU_DEMO/

PROVING THAT TWO OBJECTS ARE IDENTICAL

“THE DAY BEFORE THE INSPECTION"

2

N
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PROVING THAT TWO OBJECTS ARE IDENTICAL

“THE DAY OF THE INSPECTION"

Reference item

Inspected item
(valid)
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PROVING THAT TWO OBJECTS ARE IDENTICAL

“THE DAY OF THE INSPECTION"

Reference item

Inspected item
(invalid)
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PROVING THAT TWO OBJECTS ARE IDENTICAL

“THE DAY OF THE INSPECTION"
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WHAT THE PROTOCOL ACHIEVES

COMPLETENESS

If the items are identical and both host and inspector follow the protocol,
then the inspector will accept with probability p=1— (/2)"
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WITH NON-ELECTRONIC PRELOADABLE DETECTORS




Collimator slot |

 Test object Detector array 4

15
14 MeV neutron genekator
(Thermo Scientific P 385)

Collimator




SUPERHEATED DROPLET DETECTORS

OFFER A WAY TO IMPLEMENT THIS PROTOCOL
AND AVOID DETECTOR-SIDE ELECTRONICS

Superheated C-318 fluorocarbon (C4Fs)
droplets suspended in aqueous gel

Tailor-made by d’Errico Research Group, Yale University

Sensitive to neutrons with En > Emin
Designed to be insensitive to y-radiation

Active volume .......... : 6.0 cm3
Droplet density ......... : 3500 cm-3
Droplet diameter ...... : ~100 pm
Absolute Efficiency ...: 4 x 10-%
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FLUENCE RESPONSE

OF SUPERHEATED EMULSIONS MEASURED AS A FUNCTION OF NEUTRON ENERGY AND TEMPERATURE

Fluence response

104

10-°

Fluence response

10-6 1 L ] 1
102 10" 10° 10 2 10" 100 10
Neutron energy (MeV) Neutron energy (MeV)
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SUPERHEATED DROPLET DETECTORS

BUBBLES CAN BE COUNTED WITH A VARIETY OF TECHNIQUES

Photodiodes

collecting light
scattered by bubbles

' ~~ k] L Diode output scales
(quasi) linearly with
bubble count

LEDs

A. Glaser, S. Philippe, R. Goldston, How | Learned to Stop Worrying and Dismantle the Bomb, Duke University, January 19, 2017 24



RESULTS

RADIOGRAPHY WITH 14-MeV NEUTRONS




Collimator slot
| Detector array 4

 Test object
% (preloaded)m,

15
14 MeV neutron genekator
(Thermo Scientific P 385)

Collimator




/ERO-KNOWLEDGE VERIFICATION

RADIOGRAPHY WITH 14 MeV NEUTRONS

‘ Radiograph ‘ Reference item Valid item

(never measured)

+10
[cm] [cm] [cm]

@ Small deviations from Npyax @ Significant deviations from Nyax (2.0, 2.5, 3.0 sigma)
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/ERO-KNOWLEDGE VERIFICATION

RADIOGRAPHY WITH 14 MeV NEUTRONS

(Tungsten rings replaced by lead rings)

Radiograph . o
‘ (never measured) ‘ Valid item & Invalid item

+10 +10
[cm] [cm] [cm]

@ Small deviations from Npyax @ Significant deviations from Nyax (2.0, 2.5, 3.0 sigma)
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/ERO-KNOWLEDGE VERIFICATION

LOCAL TUNGSTEN DIVERSION (540 GRAMS)

@ Small deviations from Ny @ Significant deviations from Nyax (2.0, 2.5, 3.0 sigma)
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EXPERIMENTAL RESULIS

The Conjurer, Hieronymus Bosch, 1502



EXPERIMENTAL SETUP AND SCENARIO

WE WISH TO IDENTIFY CASES IN WHICH THE CUBE PATTERN HAS BEEN ALTERED
WITHOUT GAINING ANY INFORMATION ABOUT THE CONFIGURATION IN CASES WHERE IT HAS NOT

Collimated neutron beam Reference item consists

14-MeV (DT) generator of a combination of 2-inch cubes
- (aluminum and stainless steel)

AL AL AL SS Reference item

“

L Y

Staging area
(with reference item)

¥ Detector array

&
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EXPERIMENTAL RESULTS

(VALID ITEM)

Reference item

00
14005 X
12005

Nmax= 1020

" Measurement

A. Glaser, S. Philippe, R. Goldston, How | Learned to Stop Worrying and Dismantle the Bomb, Duke University, January 19, 2017 32


http://www.nature.com/articles/ncomms12890

EXPERIMENTAL RESULTS

(A DRASTIC CHANGE)

Reference item “Mirrored item”

x A ss [l M ss A x

1600 -

Mo ClE 0

ble count
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http://www.nature.com/articles/ncomms12890

EXPERIMENTAL RESULTS

(A SMALLER CHANGE)

Reference item “AL vs SS”

nnn | oan
B ElE

1600 -

1400

le count
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http://www.nature.com/articles/ncomms12890

WHAT'S NEXT ?




FISSION CROSS SECTIONS

OF THE MAIN URANIUM AND PLUTONIUM ISOTOPES

. Rob’s Idea:
 Let's interrogate with neutrons in the 300-keV range
+ and look for fission neutrons (> 1 MeV)

Pu-239

Pu-240
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http://www-nds.iaea.org/exfor/endf.htm

"TWO-COLOR INTERROGATION®

INTERROGATION WITH NEUTRONS FROM (p-“Li) REACTION




A STRONG 300-keV NEUTRON SOURCE

TOTAL NEUTRON YIELD CURVES FOR SELECTED (THRESHOLD) REACTIONS
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SIMULATED p-LI NEUTRON SOURCE

SPECTRUM CAN BE TAILORED BY ADJUSTING THE INCIDENT PROTON ENERGY
AND THE THICKNESS OF THE LITHIUM TARGET

22 2040keV proton; 40um lithium
€3 2040keV proton; 10um lithium
2100keV proton; 10um lithium
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BARE PLUTONIUM SPHERE

8.00 crn DIAMETER SPHERE, WEAPON-GRADE PLUTONIUM
Test item based on BeRP ball, see J. Mattingly and D. J. Mitchell, Applied Radiation and Isotopes, 70 (2012), 1136—1140

(Isotopic shift from 93.7% to 81.2% Pu-239)

’ Invalid item
“ e _° 'y

% 2 1 pire
. ; > ':“‘ ie B
g_g‘: W A

“Radiograph”

(never measured) ‘ Valid item

Essentially no structure in data,
but absolute values secret
Here: ~1,540 bubbles average
(unknown to inspector)

-20 -10 0 +10 +20 -20 -10 0 +10 +20
[cm] [em]
@ Small deviations from Npyax @ Significant deviations from Nyax (2.0, 2.5, 3.0 sigma)
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BARE PLUTONIUM SPHERE

8.00 crn DIAMETER SPHERE, WEAPON-GRADE PLUTONIUM
Test item based on BeRP ball, see J. Mattingly and D. J. Mitchell, Applied Radiation and Isotopes, 70 (2012), 1136—1140
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A TWO-COLOR SETUP AT TUNL?

USING 2 MEV PROTONS FROM TANDEM ON LIF TARGET

Detector




CONCLUSION AND OQUTLOOK

"ONE-COLOR” SETUP

Neutron transmission radiography using high-energy (14 MeV) neutrons
is effective in detecting geometric and elemental differences

Distinguishing isotopic differences can be more challenging
because relevant 14-MeV total and fission cross sections can be similar
for some important elements (esp. for Pu-239 vs Pu-240)
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